Transgenic¯ies in which ectopic expression of human p53 was targeted to the Drosophila eye imaginal disc were established. On sectioning of adult¯y eyes which displayed a severe rough eye phenotype, most ommatidia were found to be fused and irregular shapes of rabdomeres were observed. In addition, many pigment cells were lost. In the developing eye imaginal disc, photoreceptor cell dierentiation was initiated normally despite the ectopic expression of p53. However, expression of p53 inhibited cell cycle progression in eye imaginal disc cells and the S phase zone (the second mitotic wave) behind the morphogenetic furrow was almost completely abolished. Furthermore, expression of p53 induced extensive apoptosis of eye imaginal disc cells, and co-expression of baculovirus P35 in the eye imaginal disc suppressed the p53-induced rough eye phenotype. These results are consistent with the known functions of human p53 and indicate the existence of signaling systems with elements corresponding to human p53 in Drosophila eye imaginal disc cells. Genetic crosses of transgenic¯ies expressing p53 to a collection of Drosophila de®ciency stocks allowed us to identify several genomic regions, deletions of which caused enhancement or suppression of the p53-induced rough eye phenotype. The transgenic¯ies established in this study should be useful to identify novel targets of p53 and its positive or negative regulators in Drosophila.
Introduction
The p53 tumor suppressor is a multifunctional protein which exerts a variety of dierent eects and plays a central role in the regulation of the cell cycle (Ko and Prives, 1996; Almong and Rotter, 1997; Levine, 1997) . Its importance for securing the stability and integrity of the genome of normal cells underlies its being named the`guardian of the genome ' (Lane, 1992) . DNA damage has been shown to stabilize the p53 protein, which in turn, can either cause growth arrest, permitting completion of DNA repair processes, or alternatively, can direct cells to undergo apoptosis (Maltzman and Czyzyk, 1984; Kastan et al., 1991 Kastan et al., , 1992 Kuerbiyz et al., 1992; Livingston et al., 1992) . In fact p53 has been suggested to be involved in the mechanism that senses damaged DNA, and in the control of its repair (Lee et al., 1995; Sanchez and Elledge, 1995) . Several target genes involved in cell cycle regulation (p21, MDM-2), DNA repair (Gadd45) and apoptosis (Bax, IGF-BP) have already been identi®ed (Ko and Prives, 1996; Levine, 1997) .
In spite of these important biological functions of p53, the occurrence of the gene has been thought to be restricted to vertebrate species. Many attempts at identi®cation in the sea urchin, Drosophila or yeast have so far been unsuccessful (Soussi et al., 1990) . The yeast genome project revealed that no nucleotide sequence homologous to p53 exists in the entire genome of Saccharomyces cerevisiae. However, recently, p53-like nucleotide sequences were detected in the squid genome (Kaghad et al., 1997) . This putative invertebrate p53 gene homologue is rather similar to the p73 gene, a newly identi®ed human p53 family gene of a type from which p53 itself may have evolved (Kaghad et al., 1997) . Furthermore, RBF (RB family protein) (Du et al., 1996) and myc homologue (dMyc) (Gallant et al., 1996) have been identi®ed in Drosophila. The results suggest that there may be some p53 or p73 homologues in Drosophila.
Patterns of cell proliferation and cell dierentiation during eye development in Drosophila have been extensively studied and can be summarized as follows Ready, 1991, 1993) . In the third instar larvae, a band of morphogenetic furrow is initiated at the posterior end of the eye imaginal disc and passes across the disc. In the region anterior to the furrow, cells are undierentiated and divide asynchronously. As they are drawn into the furrow, they enter a synchronous cell cycle arrest at G0/G1 phase. A subset of these cells becomes committed to dierentiate and they begin to express neuronal cell markers. The ®rst cells to be determined will form the R8 photoreceptors of the adult ommatidium. Additional cells are recruited sequentially, forming preclusters that are destined for speci®c fates. These leave the furrow at the ®ve cell stage and the component cells do not re-enter the cell cycle, but all uncommitted cells divide once more, generating a reservoir of cells for subsequent differentiation events. This division occurs relatively synchronously and produces an S phase band (the second mitotic wave) just behind the furrow. No further S phases are seen in the posterior region of the eye disc in the third instar larvae. In Drosophila, a system for targeted gene expression that allows the selective activation of any cloned gene in a wide variety of tissue-and cell-speci®c patterns has been established (Brand and Perrimon, 1993) . Thus, the Drosophila eye imaginal disc provides an ideal system to examine eects of ectopic expression of biologically important proteins on cell cycle progression and commitment to cell dierentiation.
In the present study, we ectopically expressed human p53 in eye imaginal disc cells using the GAL4-UAS system (Brand and Perrimon, 1993) . The expression abolished the S phase zone behind the morphogenetic furrow, induced ectopic apoptosis in the region posterior to the furrow, and resulted in a rough eye phenotype in the adult¯ies. The results indicate conservation of some signaling systems with elements corresponding to human p53 in Drosophila. Furthermore, we have identi®ed several genomic regions whose deletions modify the rough eye phenotype induced by expression of p53.
Results

Ectopic expression of human p53 disrupts normal eye development
We utilized the GAL4-UAS targeted expression system (Brand and Perrimon, 1993) to provide ectopic expression of human p53 in the Drosophila developing eye. Since the promoter carrying transcription factor Glass-binding sites was used for the expression of GAL4 (Hay et al., 1994) , the transgene should be expressed in the region within and posterior to the morphogenetic furrow. Under the scanning electron microscope, the eyes of¯ies carrying single copies of GMR-GAL4 and the UAS-lacZ transgene appeared normal (Figure 1a) . Similarly, the eyes of¯ies carrying two copies of UASp53 alone showed no gross abnormality (Figure 1b) . Under the transmission electron microscope, the eyes of ies carrying two copies of UAS-p53 were normal, with seven properly oriented photoreceptor cells per ommatidium in cross sections (Figure 2a) .
The¯ies carrying one copy of GMR-GAL4 and one copy of UAS-p53 had severely abnormal eyes which were rough in appearance. The ommatidia lacked their regular hexagonal shape and either additional or missing bristles were apparent (Figure 1d ). We observed no phenotypic dierence between hemizygous male and heterozygous female of GMR-GAL4; UAS-p53¯ies. When the copy number of UAS-p53 was increased to two, the abnormality became more extensive, many ommatidia appearing to be fused (Figure 1e ). On sectioning, most ommatidia were fused and irregular shapes of rabdomeres were observed (Figure 2b ). In addition, many of ommatidia lacked pigment cells. The abnormality was apparently dependent on production of p53, since the eyes of ies carrying p53 cDNA fused with UAS in a reverse orientation were normal (Figure 1c ). Four independent lines were established for pUAS-p53 and no phenotypic dierence was observed among these lines (Table  1) . When the various mutant type p53 proteins were expressed in the eye imaginal disc, no signi®cant eect on eye morphology was observed ( Figure 3 , Table 1 ). Immunostaining with antibodies to human p53 con®rmed that both wild type and mutant type p53 proteins were expressed in cells posterior to the furrow in the eye imaginal disc at comparable levels ( Figure 4 ).
Photoreceptor cell dierentiation is initiated normally despite the ectopic expression of human p53
To determine whether expression of p53 disrupted or delayed the onset of neuronal dierentiation, eye discs were incubated with an anti-elav antibody that stains all cells that have been recruited into preclusters and been committed to a neuronal fate (Moses and Rubin, 1991) . The elav staining pattern of¯ies carrying one Figure 1 Scanning electron micrographs of adult compound eyes. (a) GMR-GAL4; UAS-lacZ/+, (b) w; UAS-p53/UAS-p53, (c) GMR-GAL4; UAS-p53AS(anti-sense)/+, (d) GMR-GAL4; UAS-p53/+, (e) GMR-GAL4; UAS-p53/UAS-p53. Strain 12 carrying pUAS-p53AS and strain 3 carrying pUAS-p53 were used. The rough eye phenotype is evident in d and e. Scale bars for 200 mm (left panels) and 50 mm (right panels) are indicated copy of GMR-GAL4 and two copies of UAS-p53 was indistinguishable from that of control¯ies carrying GMR-GAL4 alone ( Figure 5 ).
It is known that the last photoreceptor cell to be added to preclusters is the R7 photoreceptor cell whose dierentiation depends on those of other six photoreceptor cells. The enhancer trap line H214 carrying lacZ inserted at the klingon locus expresses bgalactosidase exclusively in R7 cells (Butler et al., 1997) . As shown in Figure 6 , the staining pattern with an anti-b-galactosidase antibody for eye discs from ies expressing p53 was indistinguishable from that of control¯ies without UAS-p53. From these results, we II  II  II  X  II  II  II  II  II  III  II  III  III  II  II  III  II  II  II  III  III  III  III  III  II   rough conclude that ectopic expression of p53 did not grossly interfere with the initiation of neuronal cell dierentiation or stepwise recruitment of cells into preclusters.
The ectopic expression of p53 can inhibit cell cycle progression during eye development
To determine the eect of p53 expression on the pattern of DNA synthesis posterior to the furrow, third instar eye imaginal discs were labelled with BrdU and Figure 4 Immunostaining of eye imaginal discs with anti-human p53 antibodies. (a) GMR-GAL4; +, (b) GMR-GAL4; UAS-p53 (strain 3)/+, (c) GMR-GAL4; UAS-p53 (strain 15)/+, (d) GMR-GAL4; UAS-p53AS (strain 12)/+, (e) GMR-GAL4; UAS-cH5FR (strain 1)/+, (f) GMR-GAL4; UAS-cH5FR (strain 5)/+, (g) GMR-GAL4; UAS-cH6FR (strain 2)/+, (h) GMR-GAL4; UAScH6FR (strain 10)/+, (i) GMR-GAL4; UAS-p53 (strain 3)/+, (j) GMR-GAL4; UAS-C234 (strain 45)/+. Flies were reared at 288C. The dissected eye imaginal discs were immunostained with the anti-human p53 monoclonal antibody DO-7 (a ± h) or the anti-human p53 polyclonal antibody CM1 (i and j). The anterior of the discs is on the left stained with an anti-BrdU antibody. In eye discs of ies expressing GAL4 alone, BrdU incorporation was seen anterior to the morphogenetic furrow and in a stripe just posterior to the furrow (Figure 7a ), which is indistinguishable from the pattern of BrdU incorporation in wild type¯y discs (data not shown). In discs of ies carrying one copy each of GMR-GAL4 and UASp53, incorporation of BrdU in the S phase zone corresponding to the second mitotic wave was reduced (Figure 7b ). In discs of¯ies carrying one copy of GMR-GAL4 and two copies of UAS-p53, the S phase zone corresponding to the second mitotic wave was almost completely abolished (Figure 7c ). However, labelled nuclei were still observed anterior to the morphogenetic furrow, a region where the transgene was not expressed. Thus, expression of p53 is able to prevent the G0/G1-arrested cells posterior to the furrow from entering S phase.
Expression of p53 leads to increased cell death
A number of studies in mammalian cells have demonstrated that p53 plays a role in triggering apoptosis under dierent physiological conditions (Levine, 1997) . The observation that many pigment cells were lost and consequently most of ommatidia were fused suggests the occurrence of extensive apoptosis following expression of p53. We therefore investigated whether expression of p53 can induce apoptosis in eye imaginal disc cells.
Apoptotic cells in the third instar larval eye discs were detected by the TUNEL method. In eye discs of¯ies expressing GAL4 alone, there were very few apoptotic cells (Figure 8a ). In contrast, eye discs of ies carrying one copy of GMR-GAL4 and two copies of UAS-p53 showed a signi®cant increase of cell death posterior to the furrow (Figure 8c ), while no apoptotic signals were detected in samples lacking terminal deoxynucleotidyl transferase in the TUNEL reaction (Figure 8b ). Interestingly, extensive apoptosis was observed only in the very posterior region of the eye disc despite the fact that expression of p53 was constant from the furrow to the posterior end of the disc, suggesting a signi®cant time delay between the onset of p53 expression and the appearance of cell death.
In Drosophila, three positive regulators of apoptosis have been identi®ed. These genes, reaper (rpr) (White et al., 1994) , head involution defective (hid) (Grether et al., 1995) and grim (Chen et al., 1996a) , all (Crook et al., 1993) , strong suppression of the p53-induced rough eye phenotype was observed (Figure 9 ).
Identi®cation of genomic regions whose deletions modify rough eye phenotype induced by expression of p53
The transgenic lines expressing p53 in the eye imaginal discs exhibited a rough eye phenotype but normal viability and fertility. They, therefore, can be used as a genetic screen to identify mutations that enhance or suppress the rough eye phenotype. A collection of Drosophila de®ciency stocks was used to cross with the transgenic¯ies expressing p53, and the eye morphology of their F1 progeny was compared with that of F1 progeny between the transgenic¯ies and Canton S. De®ciencies that show eye phenotype alone, such as roe were not included in this screen. Typical results for enhancement or suppression of the rough eye phenotype induced by single copies of GMR-GAL4 and the UAS-p53 when transgenic¯ies were made heterozygous for deletions are shown in Figure 10 and genomic regions whose deletions modi®ed the rough eye phenotype are summarized in Figure 11 . A total of 141 de®ciency lines were examined. This permitted us to screen approximately 65% of the euchromatic region. Six lines suppressed, while 24 lines enhanced the rough eye phenotype by a reduction of gene dose of speci®c genomic regions.
Discussion
Many attempts to identify the p53 gene in the sea urchin, Drosophila or yeast have been so far unsuccessful (Soussi et al., 1990) . In addition, the radiation-induced apoptosis in which p53 appears to play an important role in mammalian cells is not prominent in Drosophila (Norimura et al., 1996) . However, our present studies demonstrate the ability of human p53 to inhibit Drosophila cells from entering S phase and to induce apoptosis. These results are consistent with the known roles of p53 in mammalian cells, and suggest that signalling pathways with elements responding to p53 are in fact general and conserved across species. Recently, p53-like nucleotide sequences have been detected in squid (Kaghad et al., 1997) , the invertebrate homologue being similar to the p73 gene, likely a more primitive form of p53. Therefore, a p73 homologue may also exist in Drosophila and activate the above-mentioned signal pathways.
In mammals, the p21 (WAF1, Cip-1) gene has been proved to be one of the target genes of p53 (Ko and Prives, 1996; Almong and Rotter, 1997; Levine, 1997) . Recently, a Drosophila gene, dacapo has been identi®ed as a member of the p21/p27 family of cdk inhibitors (de Nooij et al., 1996) . We crossed the transgenic lines expressing p53 with a de®ciency line, Df(2R)B5[46A; ), but no signi®cant eect on the p53-induced rough eye phenotype was observed (Figure 11 , data not shown). Although further analysis is necessary before any conclusions can be drawn, halfdose reduction is not enough to detect the eects or the induction of dacapo may not be critical to arrest cells in G0/G1 phase by p53-expression in the eye imaginal disc. Alternatively, the induction of ectopic apoptosis may be more critical for the rough eye phenotype than any defect in cell cycle progression.
Many genes that function during apoptosis have been identi®ed in organisms ranging from C. elegans to mammals (Hengartner, 1995; McCall and Steller, 1997) . In Drosophila, three positive regulators of apoptosis have been identi®ed. These genes, reaper (rpr) (White et al., 1994) , head involution defective (hid) (Grether et al., 1995) and grim (Chen et al., 1996a) , all lie at the locus 75C1-2. We crossed the transgenic lines expressing p53 with de®ciency lines, Df(3L)W10[75B3-6;75C], Df(3L)Cat[75B8;75F1] and Df(3L)W4[75B10; 75C1-2], but no signi®cant eect on the p53-induced rough eye phenotype was observed (Figure 11 ). Although half-dose reduction is not enough to detect the eects, apoptosis induced by p53 expression may be independent on these genes. It should be noted that apoptosis independent to functions of rpr, hid and grim was recently reported in Drosophila (Foley and Cooley, 1998) .
Strong suppression of the p53-induced rough eye phenotype was observed with co-expression of baculovirus P35. Since P35 is a potent inhibitor of groups I, II and III caspases (Bump et al., 1995; Xue and Horvitz, 1995; Bertin et al., 1996; Zhou et al., 1998) , p53 likely triggers the caspase-mediated cell death in the Drosophila eye imaginal disc. It is reported that at least two distinct domains of human p53 are necessary but not sucient for its apoptotic function. One is the region between amino acid residues 62 and 91 that includes ®ve PXXP motifs (Sakamuro et al., 1997; Zhu et al., 1999) . Another is the carboxyterminal domain (residues 363 ± 393) that appears to interact with various regulatory proteins (Chen et al., 1996b; Wang et al., 1996; Zhou et al., 1999) . In the present study, three dierent mutant type p53 were expressed in the Drosophila eye imaginal disc. One of the mutant type p53 (pUAS-cH5FR) has an internal deletion (residues 33 ± 125) (Takahashi et al., 1990; Yamaguchi et al., 1994) and the other one (pUAS-C234) lacks amino-terminal 159 amino acids (Kiyono et al., 1994) . Both of these mutant forms are therefore devoid of the amino-terminal PXXP motifs. The other mutant type p53 (pUAS-cH6FR) is truncated at residue 261 and therefore devoid of the carboxyterminal domain (Takahashi et al., 1990; Yamaguchi et al., 1994) . None of these mutant type p53 induced the rough eye phenotype in Drosophila, although they were expressed at similar levels as that of wild type p53. These results indicate that the rough eye phenotype is induced by an intrinsic activity of the wild type p53, very likely its apoptosis-inducing activity.
We found 13 genomic regions that enhanced the p53-induced rough eye phenotype when they were heterozygous for deletions, 11D-E; 12A1-2, 12E1; 13A5, 21D1-2; 22B2-3, 47A; 47D2, 57D9-10; 58B, 59D5-10; 60B3-8, 67F2-3; 68C7-10, 76A3; 76B2, 85B7; 85C-D, 87B11-13; 87E8-11, 93B; 93C2, 94A;94F and 101E; 102B10-17. These genomic regions may contain genes that negatively regulate p53 functions. We also found four regions on the third chromosome that suppressed the p53-induced rough eye phenotype when they were in heterozygous for deletions, 65F3; 66B7-8, 71E5-6; 71F, 83C1-2; 83F, 95F7; 96A17-18. So that they may contain genes for targets of p53. Although it is not clear at present which genes in these genomic regions are responsible for modi®cation of the p53-induced rough eye phenotype, this only awaits further studies. The transgenic¯ies established in the present study thus provide useful tools for identi®cation of novel targets of p53 and its positive or negative regulators in Drosophila. 
Materials and methods
Fly strains
Unless otherwise speci®ed,¯ies were reared at 258C on standard food. The Canton S¯y was used as the wild-type strain. De®ciency stocks were supplied by Dr S Hayashi. An enhancer trap line H214 with a P-element insertion at the klingon locus (Butler et al., 1997) was kindly provided by Dr Y Hiromi. Dacapo mutant strains, dap 4 and dap 4454 were kindly provided by Dr I Hariharan (de Nooij et al., 1996) . Transgenic¯y lines carrying pGMR-P35 was kindly provided by Dr B Hay (Hay et al., 1994) .
Plasmid construction
The GAL4-coding sequence was isolated using PCR with the primers 5'-ATCGAATTCGGTACCAGATGAAGCTACTG-TCTTCTATCGA, 5'-ATAAGATCTGCGGCCGCTTACT-CTTTTTTTGGGTTTGGTG and pGaTB plasmid (Brand and Perrimon, 1993) as a template. Products were gelpuri®ed, cut with EcoRI and BglII, and cloned into EcoRIBglII sites of the pGMR vector (Hay et al., 1994) . The plasmid pcNXRS contains human wild type p53 cDNA in the pRcCMV (Invitrogen) (Takahashi et al., 1992) . The plasmid pcNXRS was cut with XbaI and the isolated fragment was then inserted into the XbaI site of the pUAST (Brand and Perrimon, 1993) . The resultant plasmids containing p53 cDNA in normal and reversed orientations were designated as pUAS-p53 and pUAS-p53AS, respectively. The plasmid pcH5FR has a deletion of 93 amino acids encoded by the exon 4 of the p53 gene (Takahashi et al., 1990) and the plasmid pcH6FR is truncated at the end of the exon 7 of the p53 gene (Takahashi et al., 1990) . The plasmid pCMVp53C234 contains the cDNA portion encoding the C-terminal 234 amino acids of p53. The fragment containing each of these mutant type p53 cDNAs was inserted in the pUAST to create pUAS-cH5FR, pUAS-cH6FR or pUAS-C234.
Establishment of transgenic¯ies
P element-mediated germ line transformation was carried out as described earlier (Spradling, 1986) . F1 transformants were selected on the basis of white eye colour rescue (Robertson et al., 1988) . Four independent lines were established for the pGMR-GAL4 construct. Three of these lines revealed a mild rough eye phenotype probably due to extremely high expression of GAL4 in the eye imaginal disc and the other one (line number 16) showed an apparently normal eye morphology. Therefore, we used this line 16 carrying pGMR-GAL4 on the X chromosome in the following studies. Established transgenic strains carrying pUAS-p53 wild type or mutant type constructs and their chromosomal linkages are listed in Table 1 .
Scanning electron microscopy
Adult¯ies were anaesthetized, mounted on the stage and observed under a Hitachi S-100 scanning electron microscope in the low vacuum mode.
Histology
Adult heads were ®xed in 2% glutaraldehyde/2% paraformaldehyde in 0.1 M sodium cacodylate buer (pH 7.2) at 48C overnight. After washing in 0.1 M sodium cacodylate buer (pH 7.2) at 48C overnight, heads were post-®xed in 1% OsO 4 in the same buer for 1.5 h at 48C and then dehydrated through a graded ethanol series. After clearing in propylene oxide, heads were embedded in Epon and sectioned with an ultramicrotome. These ultra-thin sections were stained with uranyl acetate and Reynolds' lead solution. They were then observed under a transmission electron microscope.
Immunohistochemistry
Third instar larvae were dissected in Drosophila Ringer's solution and imaginal discs were ®xed in 4% paraformaldehyde/PBS for 20 min at room temperature or at 48C. After washing with PBS/0.3% Triton X-100 (PBS-T), the samples were blocked with PBS-T containing 10% normal goat serum for 30 min at room temperature and incubated with culture supernatant of hybridoma cells producing an anti-elav monoclonal antibody at a 1 : 5 dilution, a mouse anti-bgalactosidase monoclonal antibody (Promega) at a 1 : 1000 dilution, a mouse anti-human p53 monoclonal antibody DO-7 (DAKO) at a 1 : 100 dilution or a rabbit anti-human p53 polyclonal antibody CM1 (Novocastra) at a 1 : 500 dilution at 48C for 16 h. The epitope for the anti-human p53 antibodies DO-7 resides in amino acids 19 ± 26. After extensive washing with PBS-T, the imaginal discs were incubated with an alkaline phosphatase-conjugated goat anti-mouse or an antirabbit IgGs (Promega) at a 1 : 2000 dilution for 2 h at room temperature. After extensive washing with PBS-T, colour was developed in a solution containing 100 mM Tris-HCl (pH 9.5), 100 mM NaCl, 5 mM MgCl 2 , 0.34 mg/ml nitroblue tetrazolium salt (NBT), and 0.175 mg/ml 5-bromo-4-chloro-3-indolyl phosphate toluidinium salt (X-phosphate). The tissues were washed with PBS, and mounted in 90% glycerol/PBS for microscopic observation.
5-bromo-2'-deoxyuridine (BrdU) labelling
Detection of cells in S phase was performed by a BrdUlabelling method as described previously with minor modi®cations (Wilder and Perrimon, 1995) . Third instar larvae cultured at 258C were dissected in Grace's insect medium, and then incubated in the presence of 20 mg/ml BrdU (Boehringer Mannheim) for 30 min. The samples were ®xed in Carnoy's ®xative (ethanol/acetic acid/chloroform, 6 : 3 : 1) for 15 min at 258C, and further ®xed in 80% ethanol/ 50 mM glycine buer, pH 2.0 at 7208C for 2 h. Incorporated BrdU was visualized using an anti-BrdU antibody and alkaline phosphatase detection kit (Boehringer). The time of colour development with alkaline phosphatase was identical for all samples.
Apoptosis assay
Third instar larvae were dissected in Drosophila Ringer's solution and imaginal discs were ®xed in 4% paraformaldehyde in PBS for 30 min at room temperature. After washing with PBS, endogenous peroxidase activity was blocked by treatment with methanol containing 0.3% H 2 O 2 at room temperature for 30 min. The samples were then washed with PBS and permeabilized by incubation in a solution containing 0.1% sodium citrate and 0.1% Triton X-100 on ice for 2 min. After extensive washing, the TUNEL reaction was carried out using an in situ Cell Death Detection Kit, POD (Boehringer) according to the manufacturer's recommendations.
